Aims-To determine whether Abl immunoreactivity correlates with grade and cell kinetics (apoptosis and mitosis) in chondrosarcoma. Methods-Sections from 16 chondrosarcomas were stained immunohistochemically using a polyclonal antibody to the c-Abl/Bcr-Abl oncoprotein. Apoptotic indices and mitotic indices were assessed in all tumours. Sections from 24 paraYn wax blocks of human fetal rib (gestational ages, 15-42 weeks) were also stained to determine whether the Abl protein is synthesised consistently throughout endochondral ossification. Results-Abl staining in immature fetal rib chondrocytes at all stages of development was predominantly nuclear, and 70% of cells showed moderate to strong staining. Abl immunoreactivity was minimal or absent in hypertrophic chondrocytes about to undergo apoptosis at the growth plate. There was strong Abl staining in grade 1 and grade 2 chondrosarcomas but staining was greatly reduced or absent in grade 3 chondrosarcomas. There was a very significant linear correlation between apoptotic index (mean, 0.68%; range, 0-3.2%) and mitotic index (mean, 0.23%; range, 0-0.9%), and both indices were significantly lower in grade 1 than in grade 2 and grade 3 chondrosarcomas. Conclusions-These data suggest that abl gene expression is associated with diVerentiation and apoptosis inhibition in fetal and neoplastic chondrocytes. However, these putative eVects cannot be ascribed solely to the Abl protein, because several additional factors contribute to the regulation of both diVerentiation and apoptosis. (J Clin Pathol: Mol Pathol 1999;52:341-344) 
The abl oncogenes are cellular homologues of the v-abl oncogene of the Abelson murine leukaemia retrovirus. They encode nuclear and cytoplasmic protein tyrosine kinases that function in signal transduction, cell cycle dependent and DNA damage induced gene expression, and apoptosis inhibition. [1] [2] [3] [4] [5] [6] The biological eVects of c-Abl vary in diVerent cell types and may depend on an equilibrium between nuclear and cytoplasmic c-Abl. 5 The bcr-abl fusion gene occurs in 90% of cases of chronic myeloid leukaemia, as a result of reciprocal translocation of c-abl (chromosome 9) to the breakpoint cluster region, bcr on chromosome 22.
3 bcr-abl encodes the chimaeric protein Bcr-Abl, which has enhanced protein tyrosine kinase activity and suppresses apoptosis in the indolent phase of chronic myeloid leukaemia. 3 Recently, it has been reported that c-Abl proteins, encoded by the ubiquitous c-abl proto-oncogene, also inhibit apoptosis. 7 8 We have previously reported variable Abl immunoreactivity in a wide range of normal human fetal and adult tissues and tumours. 9 Intense Abl immunoreactivity was seen in fetal and adult chondrocytes and in low grade chondrosarcomas. 9 The purpose of our study was to determine whether Abl is: (1) synthesised consistently in sequential stages of fetal chondrocyte maturation, and (2) related to grade and tumour cell kinetics (apoptosis and mitosis) in chondrosarcoma.
Materials and methods

TISSUE SAMPLES
Twenty four formalin fixed paraYn wax embedded blocks of normal fetal rib taken at postmortem were obtained from the files of the department of histopathology, Rotunda Hospital, Dublin. Specimens were selected to encompass gestational ages from 15 to 42 weeks. The material was well fixed, showing minimal autolysis.
Chondrosarcomas were retrieved from the files of the departments of histopathology, St James's Hospital and Mater Misericordiae Hospital, Dublin. Of 20 cases diagnosed from 1989 to 1997, 16 (femur (four), rib (three), ilium (two), humerus (two), scapula (two), fibula (one), sites not recorded (two)) had sufficient well preserved formalin fixed tissue for our study. Tumours were graded using standard criteria recently summarised by Bjornsson and colleagues 10 as follows: six grade 1, five grade 2, and five grade 3 (including one dedifferentiated chondrosarcoma). From each case, one paraYn wax block was selected for Abl immunostaining and assessment of apoptosis and mitosis.
IMMUNOHISTOCHEMISTRY
ParaYn wax sections (4 µm thick) were cut and mounted on 3-aminopropyltriethoxysilane coated slides, oven dried, dewaxed in xylene, and rehydrated in alcohol. The immunostaining protocol has been described previously. 9 Briefly, sections were incubated with a polyclonal sheep anti-c-Abl/Bcr-Abl oncoprotein antibody (Serotec, Oxford, UK; 1/200 dilution), for one hour at room temperature, then incubated with biotinylated rabbit anti-sheep antibody (Serotec; 1/400), followed by peroxidase conjugated streptavidin (1/400; Dako, Glostrup, Denmark). The reaction product was visualised with 3,3'-diaminobenzidine and a haematoxylin counterstain. Appropriate positive and negative controls were used, as described previously. 9 Abl immunoreactivity was assessed using a three tiered scale: + (focal or diVuse weak staining), ++ (moderately intense staining), and +++ (intense staining).
APOPTOSIS AND MITOSIS ASSESSMENT
The extent of apoptosis was assessed in all 16 tumours by counting tumour cells in 10 high power fields using the ×40 objective with a 100 square graticule. 11 We decided to use haematoxylin and eosin stained sections, and not in situ end labelling of fragmented apoptotic cell DNA, because apoptosis and mitosis could be assessed in identical microscopic fields. The apoptotic index assigned to each sample represents the total number of apoptotic tumour cells and apoptotic bodies expressed as a percentage of the total number of tumour cells in 10 fields. 11 The mitotic index was determined using the same procedure.
From raw data, the relation between the apoptotic index and the mitotic index was analysed using parametric (Pearson) linear correlations (Instat, Graphpad Software, San Diego, California, USA). From contingency tables, Fisher's exact test was used to compare grade 1 chondrosarcomas and grades 2/3 chondrosarcomas (rows) with apoptotic index = 0 and apoptotic index > 0 (columns), and also with mitotic index = 0 (rows) and mitotic index > 0 (columns).
Results
FETAL CARTILAGE
Abl staining was predominantly nuclear, although cytoplasmic or cell membrane staining was found occasionally. Most epiphyseal reserve chondrocytes and proliferating immature chondrocytes in fetuses of all ages showed moderate to strong Abl immunoreactivity ( fig  1A) . In contrast, hypertrophic chondrocytes about to undergo apoptosis during enchondral ossification showed minimal or no Abl staining ( fig 1B) . There was intense Abl staining of adjacent proliferating osteoblasts and invading metaphyseal blood vessels, as seen previously.
ABL EXPRESSION, GRADE, APOPTOSIS, AND MITOSIS IN CHONDROSARCOMA
In all six grade 1 chondrosarcomas, more than 70% of tumour cells showed intense (3+) nuclear Abl staining (table 1) . Grade 2 chondrosarcomas showed variably intense nuclear Abl staining: 3+ in one tumour and 2+ in the other four samples ( fig 1C) . In grade 3 chondrosarcomas, Abl staining was negative ( fig 1D) or, in one case, very weak (1+). The dediVerentiated chondrosarcoma showed intense (3+) Abl immunoreactivity in the low grade component, but no staining in the high grade component ( fig 1E) .
Mean apoptotic indices and mitotic indices (and ranges) for the 16 chondrosarcomas (table 1) were 0.68% (0-3.2%) and 0.23% (0-0.9%), respectively. In all tumours except one the number of mitoses was less than or equivalent to the number of apoptotic tumour cells. There was a very significant linear correlation between the apoptotic and mitotic indices (p < 0.0090; r = 0.6294)). The extent of both apoptosis and mitotic activity correlated with chondrosarcoma grade (fig 1E; table 1 ). There was no apoptosis or mitotic activity in grade 1 chondrosarcomas. Grade 2 chondrosarcomas (apoptotic index, 0.5%; range, 0-1.9%; mitotic index, 0.16%; range, 0-0.6%) and grade 3 chondrosarcomas (apoptotic index, 1.7%; range, 0.3-3.2%; mitotic index, 0.6%; range: 0.3-0.9%) combined had significantly higher apoptotic indices (p < 0.0114) and mitotic indices (p < 0.0114) than grade 1 tumours.
Discussion
It has been confirmed during the past five years that terminally diVerentiated hypertrophic chondrocytes at the chondro-osseous junction die by undergoing apoptosis.
12-16 Apoptosis occurs before, or simultaneously with, the resorption of chondrocytes and the invasion by capillaries and proliferating osteoblasts at the metaphysis. 16 Endochondral ossification is regulated by bone morphogenetic proteins, 17 but the stimulus that induces apoptosis in terminally diVerentiated chondrocytes is unknown. 16 18 Possibilities include downregulation of the bcl-2 gene, which occurs in the late hypertrophic stage, 14 downregulation of C-Jun and Jun D, which might permit chondrocyte maturation and apoptosis with terminal diVerentiation, 19 and downregulation of c-abl. Our results suggest strongly that the c-Abl protein plays a key role in chondrocyte diVerentiation and apoptosis inhibition in fetal cartilage. Immature human fetal rib chondrocytes at all developmental stages examined (15-42 weeks) showed moderate to strong c-Abl staining without apoptosis. In contrast, hypertrophic chondrocytes about to undergo apoptosis during endochondral ossification showed minimal or no Abl immunoreactivity. Although there are many potential initiators and inducers of apoptosis in chondrocytes, 20 loss of Abl staining in hypertrophic chondrocytes is likely to be important, in that such cells no longer need to avoid undergoing apoptosis, having become fully (terminally) diVerentiated. Furthermore, the distribution of Abl staining is most consistent with the developing chondrocytes' progressive requirements for maturation, terminal diVerentiation, and apoptosis.
There was intense Abl immunoreactivity in grade 1 and grade 2 chondrosarcomas, but very weak or no Abl staining in grade 3 chondrosarcomas. Therefore, Abl immunoreactivity in these malignancies correlates with diVerentiation, as in developing fetal chondrocytes. Abl production in grade 1 chondrosarcoma was associated with the absence of apoptosis and mitosis. The anti-apoptotic eVects of Abl are well described, 1 3 4 7 and Abl is also reported to exert an antiproliferative eVect on fibroblasts. 2 6 In contrast, absent or minimal Abl immunoreactivity in grade 3 chondrosarcoma was associated with conspicuous apoptosis, suggesting that a large reduction or absence of the Abl protein increases the susceptibility of tumour cells to apoptosis in grade 3 chondrosarcoma. Using TaqMan reverse transcription polymerase chain reaction analysis, 21 and paraYn wax embedded tumour tissue, we have demonstrated the expression of c-abl mRNA in three grade 1 chondrosarcomas (data not shown), but because of diYculties with RNA extraction we were unsuccessful with other specimens. Therefore, we cannot confirm that c-abl mRNA is downregulated in higher grade tumours. Our results suggest an apoptosis inhibiting function for c-Abl in chondrosarcoma, but it is likely that the conspicuous apoptosis and greater mitotic activity of high grade chondrosarcomas involves the participation of additional gene products and other factors associated with increased genetic instability. 22 There was a very significant linear correlation between apoptotic and mitotic indices in chondrosarcoma. A similar relation has been reported in malignant lymphoma and in various carcinomas, [23] [24] [25] [26] supporting the concept that cellular proliferative and apoptotic pathways are coupled. 27 In chondrosarcoma, and in cancer in general, apoptotic indices are typically higher than or similar to mitotic indices 11 because apoptotic cells persist longer in tissues than mitoses, although there is a disproportionately greater increase in mitoses over time to facilitate tumour growth. 22 It is well known that grade 1 chondrosarcomas have no mitoses and low proliferative indices. 10 28 We now report that grade 1 tumours have no apoptosis which, taken together with the absence of mitoses and low proliferative indices, is compatible with slow growth and indolent biological behaviour. In grade 2 and 3 chondrosarcomas, both apoptotic and mitotic indices were relatively low, but significantly higher than in grade 1 tumours, and the diVerence in cell kinetics reflects the potential for the more aggressive biological behaviour associated with high grade tumours. 10 In summary, our results suggest that Abl immunoreactivity correlates with diVerentiation in both fetal chondrocytes and chondrosarcomas. Absent Abl staining correlates with terminal diVerentiation and apoptosis in developing cartilage and with high chondrosarcoma grade. However, these putative eVects cannot be ascribed solely to Abl, because several additional factors contribute to the regulation of both diVerentiation and apoptosis. The web site is at a preliminary stage and there are plans to develop it into a more sophisticated site. Suggestions from visitors about features they would like to see are welcomed. They can be left via the opening page of the BMJ Publishing Group site or, alternatively, via the journal page, through "about this site".
